sion, PLG can be useful in a wide range of clinical applications to enhance healing following surgical procedures, since exogenous applied PLG releases instantly platelet growth factors, in the presence of leukocytic cells.
Introduction
During the physiological cascades of soft tissue wound healing and bone growth, cellular and hormonal factors have pivotal roles [1] , particularly platelet-derived growth factors [2, 3] . Presently, platelets can be retrieved and isolated from a unit of autologously drawn fresh whole blood. Intraoperatively, point-of-care devices fractionate this autologous blood into platelet-poor plasma, platelet leukocyte-rich plasma (P-LRP), and red blood cells [4] . P-LRP can be activated by (autologous) thrombin to create a viscous solution termed platelet-leukocyte gel (PLG). This platelet coagulum can be exogenously applied as a spray or as a solid gelatinous mass, to soft tissues, chronic wounds, bone, or synthetic bone. The reason for applying PLG to tissues is the delivery of platelet growth factors to mimic and accelerate physiological wound healing and reparative tissue processes [5, 6] . Although physicians employ PLG applications increasingly, only few data are available on the true content of PLG and the structural changes which occur during the transition from P-LRP to PLG.
This article provides evidence on the ultrastructural changes within PLG, determined by electron microscopic imaging, and shows its clinical use in various surgical areas.
Physiology of PLG

Platelet Growth Factors
Peripheral blood is drawn via an infusion catheter into blood bags containing an anticoagulant to prevent the blood from clotting. Thereafter, the predonated blood is sequestered by point-of-care devices into blood components: P-LRP, platelet-poor plasma and erythrocyte concentrate [4, 7] . P-LRP consists of a small volume of plasma with a high concentration of platelets and leukocytes. These platelets are inactive, and in a liquid form. Generally, the platelet numbers in the PLG are three to seven times higher than normally found in peripheral circulating blood [8, 9] .
Inside the platelet cytoplasm, ␣ granules and dense granules are present. The ␣ granules contain various platelet growth factors. The most important platelet growth factors are shown in table 1 . However, inactivated P-LRP platelets are nonfunctional, and as a result they do not release their growth factors. The dense granules enclose other platelet substances (like e.g. platelet factor 4, histamine, and serotonin).
To release these platelet growth factors, the P-LRP needs to be activated. When thrombin, a potent platelet activator, interacts with the P-LRP, a sticky platelet aggregate is formed. At this stage the viscous PLG can be applied to wound tissues or bone. Subsequently, the platelets' ␣ granules release their growth factors into the extracellular milieu. In this environment they might bind to specific platelet growth factor receptors present in wound tissues. Released growth factors interact and bind with the platelet tyrosine kinase receptor (TKR), which is present in the cell membranes of tissue cells (ligand-receptor interaction) [10] . Therefore, the actual binding site is on the outer surface of the cell membrane and not the cell nucleus. The TKR is a membrane spanning protein that extends into the cytoplasm of cells. After platelet growth factor interaction with the external part of the TKR, activation of inactive messenger proteins will occur in the cytoplasm. Thereafter, the messenger proteins become activated and bind to the TKR cytoplasmic tail. Activated proteins generate via a signaling cascade the cell [11, 12] .
Antimicrobial Activity of PLG
The fractionated P-LRP is a buffy coat product and contains apart from platelets also a high concentration of several differentiated, nonactivated leukocytes. The white blood cell count has been reported to be two to four times greater in P-LRP than in whole blood [13] . In particular lymphocytes, neutrophilic granulocytes, and monocytes are present in the P-LRP. In an earlier study we could not measure myeloperoxidase levels in the PLG as an indication for leukocyte activation [13] . Therefore, the application PLG of to tissues results in the delivery of platelet growth factors, and potentially, functional leukocytes. Unfortunately, limited data are available addressing the role of the leukocytes in the PLG to act as an antimicrobial component. The neutrophils are known for their host-defense mechanism actions against bacteria and fungi through the actions of myeloperoxidase, present in the neutrophilic granulocytes. Therefore, they play an important role in the immune defense against infections. At tissue sites, myeloperoxidase catalyzes the oxidation of chloride to produce hypochlorous acid and other reactive oxygen derivates. These substances act as potent bactericidal oxidants, and are toxic to microorganisms and fungi [14] . The lymphocytes produce immunocompetent cells and their representative function is found in immunologic defense. The monocytes, precursors for macrophages, produce cytokines and chemotactic factors that participate in inflammation [15] .
Furthermore, it has been demonstrated that platelets also contain multiple antimicrobial peptides, which have an antimicrobial effect [16] . Platelet antimicrobial peptides are released after platelet activation, demonstrating potent activities against pathogens that have a tendency to enter the blood stream. Therefore, it is temping to speculate on the antibacterial ability of exogenously applied PLG to tissues. In a recent study of a large cohort of cardiac surgical patients, it was revealed that the intraoperative use of PLG during wound closure significantly decreased the incidence of superficial and deep sternum infections [17] . For these reasons it can be hypothesized that PLG, an engineered biological blood product, has enhanced antimicrobial capabilities, in addition to the effects of the platelet-derived growth factors which might increase wound healing.
Electron Microscopic Imaging of PLG
In order to confirm the cell structures in the PLG, and confirm the intracellular platelet changes with the intended release of the platelet ␣ granules, we employed electron microscopic imaging (EMI) at two different stages after P-LRP activation with thrombin.
Venous peripheral circulating blood was drawn from healthy, unmedicated volunteers. The PLG samples for the EMI procedures were prepared according to our standard hospital protocol. Briefly, activated PLG was cut into approximately 1-mm 2 pieces and placed into a glutaraldehyde 2.5% buffer solution-0.1 M sodium cacodylate buffer (pH 7.4) for 1 h at room temperature, followed by a dehydration procedure using graded ethanol concentrations. Thereafter, samples were prepared to be embedded in resin. After polymerization, the plastic was removed. During the cutting procedure, specimen sections were obtained following a semithick (0.5-m) cutting procedure, followed by an ultrathin cutting process to achieve 70-nm sections suitable for EMI.
The objective in the first study was to visualize and determine the total cellular structures of PLG, and to verify the presence of platelet ␣ granules, which contain platelet growth factors. Samples for EMI were prepared exactly 1 min after mixing the P-LRP with thrombin to create PLG. At this stage the clot was viscous enough to be cut and prepared for EMI embedding. In the second study, the same P-LRP activation protocol was followed and the platelet clot was placed in a sterile Petri dish. Due to the activation process, the platelet clot starts to retract and subsequently, clot lysis occurs as demonstrated by fluid built up in the Petri dish, a sign for platelet degranulation. EMI specimens were taken after 20 min of PLG activation.
In the first study, examinations of the specimen revealed a mixture of concentrated and aggregated cells. Platelets were abundantly present, surrounded by granulocytic neutrophils, monocytes, and lymphocytes. Most importantly, all cellular structures were undamaged and the cell membranes of the platelets and leukocytes were intact. Furthermore, fibrin strands were clearly visible in the entire PLG clot ( fig. 1 A) . Inside the platelet structures, ␣ granules were visible, indicating that shortly after P-LRP activation, platelet growth factors are still present in the platelet cytoplasm ( fig. 1 B) .
In the second study, after clot lysis had occurred, EMI confirmed the same cell components as in study 1. However, the platelet cell structures revealed that more than 80% of the platelet ␣ granules were empty, indicating the fig. 2 ) . Furthermore, and most essentially, the leukocytic cellular structures were undamaged and the cell membranes were intact, also 20 min following platelet activation. There were only minor signs of leukocytic pseudopodium development.
A closer examination of the granulocytic leukocyte structures revealed the presence of lysosomal granules at magnifications of ! 7,000 ( fig. 3 ). This finding clearly suggests the presence of a high concentration of neutrophils and monocytes with intact lysosomal granules containing myeloperoxidase.
Our EMI data indicate that the preparation of P-LRP and the subsequent creation of PLG can be performed under controlled conditions without (too early) platelet activation. There was no evidence of platelet activation during the PLG preparation process. This observation is in accordance with data published from an earlier study of our group [13] .
Directions for PLG Application
Wound Healing During the wound healing processes, platelet growth factors serve as messengers to regulate a well-orchestrated and complex series of events involving cell-cell and cell-matrix interactions [18] . The repair of wounds and surgical incisions is initiated with the activation of the coagulation cascade, formation of a platelet plug, platelet degranulation, and ultimately the release of growth factors [19] . During the first 2 days of wound healing, an inflammatory process is initiated by the migration of neutrophils. Subsequently, macrophages are attracted to the wound site, were they release multiple growth factors, including transforming growth factors-␣ and -␤ (TGF-␣ , TGF-␤ ), platelet-derived growth factor, interleukin-1, and fibroblast growth factor. Angiogenesis and fibroplasia start after day 3, followed by the beginning of collagen synthesis on days 3-5 [20] . This process leads to an early increase in wound breaking strength, which is the most important wound healing parameter of surgical wounds, followed by epithelialization, and ultimately wound remodeling.
It is generally accepted that platelet growth factors play a key role during the various phases of the wound healing process [21, 22] . Therefore, the application of PLG to stimulate wound repair is an interesting proposition. Compared to recombinant derived single growth factors, PLG has the advantage that it offers numerous synergistically acting growth factors promoting mitogenesis of mesenchymal stem cells at the wound site [23, 24] . There-
Platelet ␣-granules
Cell membranes from platelets after release of growth factors fore, topical PLG applications have been performed to treat chronic nonhealing wounds and to support healing after incisional wounds in diabetic patients, who are at risk of impaired wound healing. In chronic wound care management, PLG has been successfully used in patients who suffer from chronic nonhealing and often painful (diabetic) ulcera [25, 26] . Margolis et al. [27] concluded that PLG treatment in diabetic wounds was even more effective in patients with deeper wounds than superficial lesions. In figure 4 , a typical PLG application is illustrated in a diabetic wound care patient. Pain reduction following PLG application was observed in a study by Crovetti et al. [28] , an effect that is still not understood. In our own experience, we encountered improved wound healing when PLG was applied during wound closure after total knee arthroplasty [29] .
In sports medicine, soft tissue trauma (tendon and ligament ruptures), joint capsular injuries and tendonitis occur frequently. Recently, Mishra and Pavelko [30] used PLG in the treatment of chronic elbow tendonitis. Treated patients had less pain and a better function when compared to conservative standardized physical therapy protocols and a variety of other nonoperative treatments. In an Achilles tendon injury rat model, PLG has been used and it was revealed that PLG-treated tendons experienced an approximately 30% increase in tensile strength and stiffness after the first week when compared to control animals [31] . Anterior cruciate ligament surgery is routinely performed to reconstruct the ligament with an autologous graft. Sanchez et al. [32] reported enhanced healing with less complications and improved fixation of the graft within the bone tunnels in a retrospective clinical trial involving 100 patients when autologous platelet growth factors were used. The reported advanced healing following PLG applications in these soft tissues might be explained by higher concentrations of vascular endothelial growth factor at the tissue injury wound site, which are released from PLG and might promote angiogenesis. Subsequently, blood supply to the injured tendon, mandatory for the tendon repair process, is improved [33] . Future research should provide evidence whether transcutaneous PLG injections, rather than periarticular corticosteroid injections or surgery, could be indicated in the treatment of tendonitis and periarthritis.
Bone Healing
Impaired bone healing, the development of nonunions following fracture healing, and bone continuity defects cause disability and pain. These circumstances are frequently seen in orthopedic surgery, maxillofacial surgery, neurosurgery, and reconstructive surgery [34, 35] . Traditional surgical treatment consists of autogenous derived bone grafting [36] . The success of bone grafting procedures depends, among others, on the bone healing time for graft host integration [37] . This process involves a variety of biological actions, including an adequate blood supply and availability of an osteoconductive matrix [38] . Furthermore, platelet growth factors released at bone tissue injury sites play an important role in this process since they provide signaling for osteoinduction, through an osteogenic cell response to these signals [39] . Nonetheless, growth factors released from platelets stimulate osteogenesis during the different stages of fracture healing [40, 41] . Platelet-derived growth factor has mitogenic properties acting as a chemotactic agent, recruiting mesenchymal stem cells which differentiate at the wound site into osteoclasts [42] . TGF-␤ , an important bone stimulatory growth factor, has been suggested to be one of the local regulators of bone formation and resorption [43] .
For these reasons, it can be hypothesized that mixing PLG with fragmented autologous bone chips might create an active bioengineered graft, enriched with a high concentration of platelet growth factors ( fig. 5 A, B) . Improvements in bone regeneration time have been observed when platelet-derived growth factor-AB, TGF-␤ and vascular endothelial growth factors were incorporated into bone and other scaffolds [44] . In addition, due to the viscous nature of PLG, the bone chips will stick together during surgical handling, thus avoiding unwanted migration of bone particles. Following clot lysis, the bone chips will no longer adhere to the PLG clot. Another potential application of PLG involves the combination of PLG with different bone substitutes. Several authors have used histomorphometric analysis to demonstrate a beneficial effect of PLG, when different bone matrices were used. Aghaloo et al. [45] used natural deproteinized bovine matrix and observed improved bone growth when this was combined with PLG. Suba et al. [46] used ␤ -tricalcium phosphate in combination with PLG and found more intense bone regeneration. Recently, PLG was percutaneously applied in a diabetic experimental femur fracture model. Gandhi et al. [47] observed normalized cellular proliferation and chondrogenesis, with an improved mechanical strength, when PLG was injected in this model. Interestingly, Smrke et al. [48] successfully used allogeneic platelet gel to treat a large bone defect. The use of PLG during autogenous bone grafting might contribute to fulfill some of the requirements needed to increase osteogenesis to stimulate the proliferation of both human trabecular bone cells and human osteoblast-like cells [49, 50] . Furthermore, the combination of PLG growth factors with bone substitutes might support a more biological healing process and improved bone regeneration.
Conclusion
PLG has the potential to become an ideal autologously prepared biological blood-derived product, which can be exogenously applied to a diversity of tissues where it releases high concentrations of platelet growth factors that enhance healing. In addition, it possesses antimicrobial properties that may contribute to the prevention of infec- tions. In a previous study we measured the release of platelet growth factors when P-LRP was activated with thrombin [51] . Our EMI data support the release of the platelet growth factors from the ␣ granules when P-LRP is activated. At this moment, the platelets start their structural changes, and growth factors are excreted to the platelet extracellular milieu where they are capable of binding to tissue receptors. It is very important to understand that PLG should be prepared and applied exactly on time. Once the P-LRP has been activated, we believe that PLG, alone or in combination with bone, should be applied to tissues after 1 min. Too early preparation of PLG, with the consequence that the PLG product cannot directly be applied to tissues at the right moment, will result in a significant loss of platelet growth factors. This will most likely result in no positive effects of PLG applications. This might be a reason why there are discrepancies in outcome following PLG applications. Timing is essential to achieve the maximum exposure of platelet growth factors to tissues. Biological PLG characteristics suggest that it might be a beneficial tool in the surgical armamentarium. PLGs have been successfully used in maxillofacial surgery, orthopedics, cosmetic surgery and dental implantology. However, the procedure to prepare PLG and application techniques are likely to differ greatly amongst clinicians, resulting in inconsistent results. There is also no consensus in the literature on the terminology of the platelet product, as indicated by Bielecki et al. [52] . To avoid conflicting data, standardization of P-LRP methodology is therefore warranted, as pointed out by Borzini et al. [53] . Furthermore, randomized controlled clinical trials are needed to study the effect of PLG in wound rehabilitation, tissue engineering, on bone growth, and clarify the bactericidal effect.
